The relationship between photochemical quantum yield (t.) and fluorescence yield have been investigated in leaf tissue from Nicotiana tabacum using CO2 exchange and a modulated fluorescence measuring system. The quantum yield of CO2 fixation at 1.6% (v/v) 02 and limiting irradiance was reduced 20% by increasing the mean H20 vapor pressure deficit (VPD) from 9.2 to 18.6 mbars. As [CO2] and irradiance were varied, the intrinsic quantum yield of open photosystem 11 units ( §,/qo> where qQ is the photochemical fluorescence quenching coefficient) declined linearly with the degree of nonphotochemical fluorescence quenching. The slope and y-intercept values for this function were significantly reduced when the mean VPD was 18.4 millibars relative to 8.9 millibars. Susceptibility of the leaf tissue to photoinhibition was unaffected by VPD. Elevated 02 concentrations (20.5% v/v) reduced the intrinsic quantum yield of net CO2 uptake due to the occurrence of 02-reducing processes. However, the relative effect of high VPD compared to low VPD on intrinsic quantum yield was not dependent on the 02 level. This suggests that the Mehler reaction does not mediate the response of quantum yield to elevated VPD. The results are discussed with regard to the possible role of transpiration stress in regulating dissipation of excitation by electron transport pathways other than noncyclic electron flow supporting reduction of CO2 and/or 02.
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Measurements of the quantum yield of photosynthesis at limiting irradiance levels in leaves and chloroplasts have affirmed the inherently high efficiency of light utilization under ideal conditions assuming applicability of the wellknown Z-scheme to light-driven electron transport. Such experiments are normally carried out at low irradiance to assure that PSII electron acceptors are oxidized, i.e. PSII traps in the 'open' state. As the irradiance is progressively increased, a decline in quantum efficiency is commonly observed. This is due, in part, to closure of PSII centers as the plastoquinone pool becomes reduced resulting in higher probabilities of dissipation of radiant ernergy as heat or fluorescence (3, 6, 9, 18) . Conditions of irradiance and availability of terminal electron acceptors during steady state photosynthesis are important factors influencing the proportion of PSII centers in the open state and capable of photochemistry.
A growing body of evidence indicates that the quantum efficiency of open PSII centers is regulated by dissipative processes which result in quenching of excitation in the antennae pigment complex and/or the PSII reaction center at the expense of photochemistry. This ensures that production of NADPH and ATP by the light reactions is matched to the prevailing capacity of the Calvin cycle to utilize these substrates during CO2 fixation (6, 8, 21, 24) .
Simultaneous application of pulse modulated fluorescence and gas exchange methods to photosynthetic systems is helping to resolve changes in radiant energy utilization under diverse environmental conditions (22) . Because of the existence of multiple mechanisms for fluorescence quenching in PSII, relationships between changes in fluorescence and photochemical yields have been difficult to interpret. The pulsemodulated technique permits separation and quantitation of fluorescence quenching associated with the redox state of the first stable electron acceptor in PSII, QA (i.e. photochemical quenching). A second collective source of quenching (nonphotochemical) is caused by diversion of excitation from PSII to PSI (state transitions) and conversion of quanta to heat in the antennae complex and possibly at the PSII reaction center ( 12, 19) . Dissipation of light energy as heat is associated with the magnitude of the thylakoid pH gradient and photoinhibition (4, 5, 9, 1 1).
Several previous reports have noted an inverse relationship between the quantum yield of photochemistry for open PSII centers versus the degree of nonphotochemical quenching as expressed as the coefficient qNp' (9, 18, 21, 24) . In this paper, I extend studies of the relationship between qNP and photochemical quantum yield of open PSII centers to leaf tissue subjected to mild water stress created by a high transpiration rate. This subject has ecological relevance to plant water relations and photosynthesis as well as importance to an understanding of radiant energy utilization in leaves.
MATERIALS AND METHODS Plant Material
Nicotiana tabacum var Havana Seed was grown in pots in a greenhouse and leaf discs were prepared as described previ-' Abbreviations: qNp, nonphotochemical fluorescence quenching coefficient; A, C02 assimilation rate; gHo total gas phase conductance to H20; VPD, vapor pressure deficit; F, steady state fluorescence yield; F0, steady state fluorescence yield observed after prolonged exposure to darkness; Fo,t fluorescence yield observed during brief (2-4 s) interruption of actinic illumination; Fs, fluorescence yield observed during a saturating flash superimposed upon actinic illumination; Fm, maximum fluorescence yield in the absence of ApHdependent quenching; Fm..,x maximum fluorescence yield observed when all quenching mechanisms are relaxed (fully dark-adapted leaf); qQ, photochemical fluorescence quenching coefficient; qR, nonphotochemical quenching coefficient when ApH-dependent mechanism ously (17) . The plants were watered daily and cultured weekly with a solution of 20-20-20 (N-P-K) fertilizer and Hoagland micronutrients. The experiments were conducted during the months of February and March of 1989.
Gas Exchange
Transpiration and CO2 assimilation rates were measured using an open, flow-through system and infrared gas analysis (13, 17) . Distilled H20 was supplied to the cut edges of a 5 cm diameter leaf disc mounted in a Leaf Section Chamber (Analytical Development Co., Hoddesdon, U.K.). The edges of the leaf disc were sealed off from the central illuminated area (10 cm2) with soft rubber 0-rings and silicone grease. The leaf disc divided the chamber volume into two compartments. The gas stream (total flow rate = 2.0 L min-') was divided equally just upstream from the chamber, each compartment was flushed independently, and then the gas streams were recombined.
The H20 vapor concentration in the flushing gas was set at 10 or 20 mbars below the saturation vapor pressure at 25°C (leaf temperature) by varying the temperature of a condenser through which the gas stream (saturated with H20) was passed. These conditions correspond to RH levels for the flushing gas of 68 and 36%, respectively. The (13) have been compensated for in the C02 assimilation rates reported. Illumination was supplied to the adaxial surface of the leaf disc. Leaf temperature was measured within 0.1C by a thermistor in contact with the abaxial surface of the leaf disc.
Fluorescence Measurements
The PAM 101 Fluorescence Measuring System (H. Walz, Effeltrich, F.R.G.) was employed as described previously (17) to measure variable fluorescence yield from the adaxial surface of the leaf disc. (1). The actinic illumination and saturating pulses were then discontinued for 5 min to allow the rapidly reversible component of nonphotochemical quenching to relax. Application of a weak FR background illumination frequently lowered the Fo level presumably by causing photooxidation of the intersystem electron transport chain (24). A saturating pulse was then applied to the darkened sample to obtain the Fm fluorescence yield. Fluorometer measuring beam modulation frequencies were 100 kHz and 1.6 kHz during actinic illumination and darkness, respectively. Other details of the procedure are described in "Materials and Methods." (7500 ,umol photons m-2 s-' for 0.7 s). The sample was then darkened for 5 min during which time nonphotochemical quenching relaxed considerably. Another saturating pulse of white light was applied, and the F,, and Fm levels were recorded. The ratio Fv/Fm was calculated as (Fm-Fo)/Fm (4, 5).
RESULTS

Effects of VPD on Net Photosynthesis and Fluorescence
Quenching Figure 2 shows changes in net CO2 assimilation as irradiance was progressively increased at a mean external [CO2] of 335 (SD = 16) ,Abars and 17 mbars 02 (1.6% v/v). The mean vapor pressure deficit was the vapor pressure at leaf temperature minus the mean vapor pressure of the chamber gas (computed as the average vapor pressure of the gas entering and that exiting the chamber). The mean VPD was either 9.0 (SD = 0.4) or 18.1 (SD = 0.7) mbars. The initial slope of the A versus irradiance curves and the light saturated rates were both lowered by raising the mean VPD from 9.0 to 18.1 mbars. In contrast no significant effect of VPD on qQ or qNp was observed. For these same experiments increasing the VPD from 9.0 to 18.1 mbars doubled the transpiration rate (Fig. 3,  bottom) . The increase in mean VPD did not cause a change in total gas phase conductance to H20 (Fig. 3, top) . Note that gradients of H20 vapor pressure averaging 2 to 4 mbars were created in the unstirred assimilation chamber (see "Materials and Methods"). Also, the gas inlet and outlet ports of the Leaf Section Chamber are distributed along the circular margin of the internal cavity insuring uniform gas flow over the leaf.
A decrease in the ratio Fv/Fm, as measured after a suitable dark period to remove the effects of ApH-dependent fluorescence quenching, has been employed as a measure of photoinhibitory effects on the photosynthetic apparatus (4, 5). For the experiments shown in Figure 2, The measurements of Fo in these experiments were performed without a FR background illumination. A prior report (18) and current efforts in this laboratory indicate that FR illumination does not appreciably affect the steady state fluorescence measured during a brief interruption of actinic illumination (F0'). Also, the levels of Fo and F0' are similar at low irradiances. Thus, the F0 values in Table I Nonphotochemical quenching ofvariable fluorescence may be resolved into components based on relaxation times of quenching ofFm in darkness (5, 9). Energy-dependent quenching which is associated with the magnitude of the thylakoid pH gradient (9) is assumed to decline to minimal levels within minutes of darkening. The remaining slowly reversible component (photoinhibition) is considered to arise from enhanced thermal dissipation in the antennae pigment complex (5). This component would also include any phosphorylationdependent PSII -PSI excitation transfer (state transitions), but this is probably of quantitative importance only at low irradiance levels (9). Following steady state C02 exchange and fluorescence yield measurements the change in fluorescence yield during a saturating flash of white light was measured after 300 s ofdarkness (see Fig. 1 ). The Fm level was essentially unchanged after an additional 100 s of darkness. The quenching coefficient qR provides a measure of the extent of this slowly reversible component (Fig. 1) . Comparisons of qR with total nonphotochemical quenching (qNp) for all of the experiments of Figure 4 is presented in Figure 5 . The relative magnitude of qR increases rapidly as qNp rises above 0.7, but the increase is similar for VPD levels of 8.9 and 18.4 mbars. 
DISCUSSION
Since the decreased RH in these studies increased the transpiration rate with little effect on total gas phase conductance, I will assume that the transpiration rate mediates the observed decline in the quantum yield of C02 fixation. Numerous studies have been concerned with the nonstomatal inhibition of photosynthesis in leaves in response to drought created by low soil moisture. Soil moisture deficits generally lead to a decrease in the water potential of the leaf mesophyll cells. Sharkey (20) concluded that rapid loss of water from leaves could likewise bring about a decline in water potential resulting in diminished photosynthetic capacity at the cellular level. The exact cause of inhibition of photosynthesis in isolated chloroplasts and protoplasts subjected to decreased osmotic potential remains unclear but several mechanisms could be involved. Kaiser (10) suggested that increased intracellular solute concentrations in response to decreased protoplast volume resulted in inhibition of enzyme activities necessary for CO2 fixation. Berkowitz and Gibbs (2) presented evidence for inhibition of Calvin cycle turnover in isolated chloroplasts due to stromal acidification during osmotic stress. Previous reports have described a decline in the limiting quantum yield of net photosynthesis following water stress (1, 14, 15, 20) .
A primary benefit of simultaneous measurement of photochemical and fluorescence yield is that assessment of the efficiency of radiant energy utilization (as 4, = 4b/qQ, see ref. Figure 4 . This seems unlikely, however, since VPD did not influence the relationship between qR and qNp (Fig. 5) which no effect on the Fv/Fm in leaves at 77°K was observed (1). Oxborough and Horton (16) (Fig. 6) .
A recent report (23) indicated that nonuniform stomatal closure can occur in leaves of certain species in response to treatment with abscisic acid. The possibility that such 'patchiness' in photosynthesis may in some way underlie the responses to increased VPD presented here must be considered. No direct observations of stomatal aperture were performed. The occurrence of sporadically closed stomates could lower 4', as measured here (Table I) 
